The syntheses of tetra-tetrazole macrocycles, containing two bis-tetrazole units linked by a variety of alkyl chain lengths from four to eight carbons, are described. The crystal structures of three of these derivatives are reported, and the molecular conformation in the solid state is compared to that of one previously reported tetra-tetrazole macrocycle and to other bis-and tris(tetrazole)benzene structures. The macrocycle conformation is influenced by the length of the alkyl chain linker, the relative orientation of the tetrazole rings on the benzene ring, and by intermolecular interactions. In the macrocycles based on 1,2-bis(tetrazole)benzene, the adjacent tetrazole rings on the benzene ring are prevented from becoming co-planar on intramolecular (steric) grounds. In the 1,3-and 1,4bis(tetrazole)benzene derivatives, there is no such impediment, and a co-planar arrangement is observed where intra-and/or intermolecular stacking interactions exist. Deviations from coplanarity are associated with optimisation of intermolecular interactions between the tetrazole rings and adjacent alkyl chains. In the macrocycle based on 1,4-bis(tetrazole)benzene with four-carbon linkers, an intramolecular stacking interaction exists, which precludes the presence of any cavity. In the macrocycle based on 1,3-bis(tetrazole)benzene with six-carbon linkers, a cavity of 10.8 x 9.4 Å is observed for each molecule in the solid state, although the packing of adjacent molecules is such that there are no extended channels running through the crystal.
Introduction
The growth of tetrazole chemistry over the last twenty-five years has been significant, mainly as a result of the roles played by tetrazoles in coordination chemistry as ligands, in medicinal chemistry as stable surrogates for carboxylic acids and in materials applications, including explosives and photography. 1 The synthesis of tetrazoles by cycloaddition reactions between azides and nitriles is well documented. 2 Recently, attention has been directed towards the use of polydentate aromatic nitrogen heterocycles, specifically ligands with five-membered rings, that is azoles. Tetrazoles exhibit a strong networking ability usually acting as mono-or bidentate ligands in most of the reported complexes. 3 One possible application for these materials is in generating supramolecular arrays which embody additional functional groups capable of metal complexation. This would result in a metallotetrazole framework with possible potential as novel anti-microbial or therapeutic agents. Our interest in tetrazoles concerns their use as precursors for the formation of new functionalised poly-tetrazole macrocycles, which can find application, for example, as sensors or in molecular recognition. We have previously reported some preliminary synthetic steps concerning the addition of pendant short-chain alkyl halides, from dihaloalkanes, to some bis-tetrazoles. 4 These reactions yield bis-tetrazole derivatives with pendant alkyl halide arms and also bis-tetrazole derivatives with pendant vinyl arms. We have also described the reactions of 1,4bis(tetrazole)benzenes with various long chain ,-dibromoalkanes. 5 Butler and co-workers have synthesised both 1,2-and 1,3-bis(bromoalkyltetrazolyl)benzenes from N-unsubstituted tetrazoles and have succeeded in using these bis-(bromoalkyltetrazolyl)-benzenes to generate the tetratetrazole macrocycle. 6 The latter compound includes a cavity that can be tailored by both the length and flexibility of the alkyl chain and also by the substitution pattern on the benzene ring. 7 In this paper, we describe the synthesis and characterisation of tetra-tetrazole macrocycles from 1,2-, 1,3and 1,4-benzene derivatives, using short four-carbon, medium six-carbon and long eight-carbon alkyl linkers. The X-ray crystal structures of the 1,2-and 1,4-benzene derivatives with 4-carbon chain linkers are described, as well as the 1,3-benzene derivative containing the 6-carbon linker.
Our principal focus is on the variation of the macrocycle cavity shape and dimensions through the series.
Results and Discussion

Syntheses
Butler and co-workers have described the synthesis of tetra-tetrazole macrocycles, based on either 1,2-or 1,3-bis(tetrazol-5-yl)benzenes, with alkyl chains having either six or eight carbon chain linkers. 6 We have extended this class of compounds by preparing macrocycles with four-carbon chain linkers, and also new macrocycles based on 1,4-bis(tetrazol-5-yl)benzene (Fig. 1) . The syntheses were carried out in a manner similar to that described, 6 by reacting 1,x-[bis(2-(ybromoalkyl)tetrazol-5-yl]benzene (x = 2, 3 or 4; y = 4, 6 or 8; alkyl = butyl, hexyl or octyl) with 1,n-bis(tetrazol-5-yl)benzene (n = 2, 3 or 4) in dimethylformamide, using K 2 CO 3 as base. In several of our reactions, carried out in relatively dilute conditions, two macrocyclic compounds were isolated, one containing all four tetrazole rings substituted at N-2, and the other containing three rings substituted at N-2 and the other one substituted at N-1, as reported previously. 6 The macrocycles with all four tetrazole rings substituted in the same way will be designated hereafter with the suffix a, while those with one different substitution will be designated with the suffix b.
In all reactions undertaken, on average 40% of the starting bis-tetrazole compounds were recovered.
Extensive column chromatography, using a hexane/ethyl acetate mixture as eluent, was required to separate the product macrocycles from the starting materials and other intractable polymeric material. The isolated yields of the macrocyclic products were in the range 20-25%, which are comparable to those reported by Butler, 6 and are reasonable for syntheses of this type. One possible reason for the low yields in these reactions is the potential to form polymeric chains between the two bis-tetrazole units, rather than macrocycles. Evidence that some polymeric chains were synthesised came from the fact that intractable material, which could not be dissolved in any solvent we tried, was obtained from all the reactions we attempted. The isomeric 1-N-and 2-N-tetrazole derivatives should be readily distinguishable from their respective 1 H and 13 C NMR spectra, 4,5a,6,8 with the 13 C NMR chemical shift of the tetrazole carbon atom appearing at ca. 154.0 and 164.0 ppm in N-1 and N-2 substituted tetrazoles, respectively. Macrocycles containing four tetrazole rings all substituted at N-2 gave rise to only a single resonance at ~164.0 ppm, while both signals were apparent in the macrocycles containing tetrazole rings substituted at both N-1 and N-2. The high symmetry in the macrocycles containing four tetrazole rings substituted at N-2 also gave a corresponding decrease in the number of signals in the 1 H NMR spectra compared to those substituted at both N-1 and N-2.
X-Ray Crystal Stuctures
We were able to obtain single crystals of the three symmetrical macrocycles 1a, 5a and 7a. The crystal structure of 2a has already been reported. 7 Attempts to obtain suitable crystals of any of the 9 and are listed in Table 1 . The molecular structures of 1a (Fig. 2 ) and 2a (Fig. 3) adopt an approximately fully-extended conformation, with all four carbon atoms lying in the same plane. In 2a, five of the six carbons of the linker adopt a similar fully-extended conformation, while the sixth (C13) lies gauche with respect to the remainder of the chain (Fig. 3) . Macrocycle 1a appears close to a regular rectangle, while 2a is sheared parallel to the long axis of the alkyl linker.
The internal dimensions of the macrocycle (defined as the cross-macrocycle distances between the centroids of the tetrazole rings) are 9.7  5.3 Å in 1a, compared to 11.1  5.6 Å in 2a. Thus, the cross-macrocycle distance between the two co-planar tetrazole rings (5.3-5.6 Å) changes only slightly with variation of the chain linker. As noted by Butler et al., 7 space-filling representations of 1a and 2a (Figs 2 and 3) show that the central "cavity" of the macrocycle is largely illusory, at least for the conformation observed in the solid state. In the structure of 5a (Fig. 4) , both unique tetrazole rings remain close to coplanar with the benzene ring to which they are attached. The dihedral angle between the tetrazole and benzene ring is 25.2 and 5.6º for N1-N4 and N5-N8, respectively. Comparison with other 1,3-bis(tetrazole)benzene
structures (Table 1) shows that approximate co-planarity (considered to encompass the range 6.2 -14.7º) is common, and the structures of DEBQUW, SARCAQ and ZUMXAG show explicitly that there is no intramolecular impediment to approximate co-planarity of both rings. The moderate deviation from co-planarity for N1-N4 in 5a seems attributable, therefore, to optimisation of intermolecular contacts (see below) rather than any intramolecular feature. Similar to 2a, the sixcarbon chain linker in 5a exhibits an essentially fully-extended conformation for five of its six carbon atoms, while the sixth (C13) lies approximately gauche with respect to the remainder of the chain. The macrocycle geometry, in this case, is close to a regular square, with cross-macrocycle dimensions 10.8  9.4 Å. A space-filling representation of the structure (Fig. 4) shows that a genuine cavity is retained in the solid state. Adjacent macrocycles in 5a are arranged so that one benzene-tetrazole unit lies over the cavity of the adjacent macrocycle ( Fig. 5a ), forming a local stacking arrangement similar to that seen within 7a (see below). On account of this packing arrangement, there are no extended channels running through the crystal. The interplanar separation between stacked benzene rings in this region is 3.68 Å and the benzene centroid-to-centroid distance is 5.16 Å. A shorter contact of 4.05 Å exists between the centroid of the benzene ring and the centroid of one adjacent tetrazole ring (N5-N8).
Involvement of the N5-N8 ring in this stacking interaction is consistent with its co-planarity with the benzene ring. In projection (Fig. 5b) , the stacked macrocycles closely resemble 7a (Fig. 6 ).
They are arranged in a herring-bone manner, which brings the tetrazole ring N1-N4 into the vicinity of an adjacent alkyl chain. The 25.2 twist of the tetrazole ring with respect to the benzene ring brings its mean plane parallel to that of the fully-extended section of the alkyl chain (C8-C12).
Thus, the moderate twist of ring N1-N4 can be attributed clearly to optimisation of this intermolecular interaction. In 7a (Fig. 6) , the four-carbon chain linkers permit an intramolecular stacking interaction, similar to that observed in macrocyclic systems such as bis (1,4-phenylene) crown ethers with ether chain linkers of appropriate length. 11 The interplanar separation is 3.44 Å and the benzene centroid-tocentroid distance is 3.91 Å. Clearly, this precludes the existence of any cavity within the macrocycle, and this interaction is likely to persist in solution. The tetrazole rings lie approximately co-planar with the benzene rings to which they are attached, forming dihedral angles 10. 8 and 4.8º for the N1-N4 and N5-N8 rings, respectively, consistent with their participation in the stacking interaction. The approximately co-planar arrangement is most common in all previously examined 1,4-bis(tetrazole)benzene structures (Table 1) . Face-to-face stacking of 1,4-bis(tetrazole)benzene units is also observed between macrocycles for 7a in the solid state. The shortest additional contacts to the tetrazole ring are in-plane C-H···N interactions. 
Conclusions
In the solid state, the conformation of the macrocycle is influenced by the orientation of the tetrazole rings on the benzene ring, by the length of the alkyl-chain linkers and by intermolecular interactions. In the macrocycles based on 1,2-bis(tetrazole)benzene, the adjacent tetrazole substituents on the benzene ring are prevented from becoming co-planar on steric grounds. In both 1a and 2a, the resulting conformation is such that no genuine cavity is retained. In the macrocycles based on 1,3-and 1,4-bis(tetrazole)benzene, there is no intramolecular impediment to co-planarity of the tetrazole rings with the benzene ring, and co-planarity is observed where stacking interactions are present. In 5a, these stacking interactions are intermolecular, while in 7a they are intramolecular. In the former case, one tetrazole ring is twisted slightly out of the plane of the benzene ring to which it is bound, apparently to optimise intermolecular interactions with an adjacent alkyl chain. In 7a, the intramolecular stacking interaction precludes the existence of any cavity, and this interaction is likely to persist in solution. In 5a, however, a genuine cavity of dimensions 10.8  9.4 Å is retained in the solid state, and appears feasible in solution. Currently, metal complexation reactions with this macrocycle are currently being investigated. We are interested in looking at both first row transition metal ions as well as some smaller alkali and alkaline earth metals, as metal ions from these groups using tetrazoles as ligands in coordination chemistry are described in the literature. 12 The synthesis of compounds 2a, 6b 3a, 6b 5a 6c and 6a 6c have been described in the literature previously.
General Syntheses of tetra-tetrazolophanes
A mixture of 1,n-bis(tetrazol-5-yl)benzene (1.1 mmol) and potassium carbonate (1.5 g, 11 mmol) in dimethylformamide (60 ml) was stirred for one hour at 75 C under an nitrogen atmosphere, and treated with 1,n-bis(2-(n-bromoalkyl)tetrazol-5-yl)]benzene (1.1 mmol) and stirred at 75 C for 24 h. Insoluble salts, filtered from the cooled mixture, were washed with ethyl acetate and the combined washings and mother-liquor were evaporated under reduced pressure. The oily residue was chromatographed on silica gel using ethyl acetate : hexane (50 : 50) as eluent to give the cyclophane. All compounds were then recrystallised from chloroform.
Di-orthobenzenotetra(5', 2'-tetrazolo)[5'-(2)-2'-(4)]-cyclophane (2-N, 2-N', 2-N'', 2-N''') (1a 3150, 3090, 2955, 2828, 1724, 1500, 1499, 1467, 1440, 1391, 1359, 1285, 1178, 1038, 787, 775, 730, 668 Di-orthobenzenotetra(5', 2'-tetrazolo)[5'-(2)-2'-(4)]-cyclophane (1-N, 2-N', 2-N'', 2-N''') (1b).
